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Abstract
Photogenerated charge carriers open the fascinating possibility to tune charge carrier concentrations in situ, which
provides a convenient way to change physical properties of a system. Low-energy μSR is ideally suited for this kind
of studies due to the perfect overlap of muon stopping distribution and the region of highest photon absorption close
to the surface. We present a description of the current experimental setup and the results of a prototype experiment in
Si. These results demonstrate the very promising prospect of extending LE-μSR to the investigation of photo-induced
eﬀects on a nanometer scale near surfaces, in thin ﬁlms and heterostructures in general.
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In a large variety of physical systems small changes in charge carrier densities may induce dramatic changes of
their physical properties. Prominent examples are complex transition metal oxides, including cuprates and mangan-
ites, representing strongly correlated electron systems close to a metal-insulator transition. Photogenerated charge
carriers are of particular interest for the development of new functional devices for optoelectronic or spintronic ap-
plications, like photoswitches, phototransistors or photomemories. Here, the focus is on thin ﬁlms and interfaces,
with the goal to tailor novel properties and behaviour. A local probe such as the μ+ can provide complementary and
potentially new information to macroscopic measurements, due to its high sensitivity to the local magnetic and elec-
tronic environment. As a local spin-1/2 probe “sitting” at an interstitial lattice location it is a very versatile tool to
measure internal magnetic ﬁelds and magnetic ﬁeld ﬂuctuations to probe phase transitions, spin dynamics, magnetic
penetration depths in superconductors, hydrogen-like muonium (Mu) impurity states in semiconductors, and local en-
vironment and dynamics in molecular systems. The application of the μSR technique to study photo-induced eﬀects
oﬀers very promising perspectives to gain new insights and results. For these studies a low-energy muon beam with
tunable implantation energies < 30 keV (< 200 nm depth) is best suited, since many of the interesting systems consist
of thin ﬁlms or heterostructures with thicknesses of less than 100 nm. Another advantage of using low-energy muons
is the matching between muon stopping site and region of maximum light absorption. Light penetrating matter is
exponentially attenuated: most of it is absorbed within the ﬁrst few hundred nm close to the surface, where the highest
charge carrier concentration is also generated. Only in semiconductors with indirect band gap (e.g. Si, Ge) light with
energy slightly larger than the band gap can generate photo-carriers in the sub-mm range due to the small absorption
coeﬃcient. Near the surface the charge carrier concentration can be varied not only by tuning the light intensity, but
also by changing its energy, because the photon absorption coeﬃcient strongly depends on photon energy.
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Figure 1: Left: sketch of the LE-μSR sample cryostat. The sample is electrically insulated from the cold ﬁnger of the cryostat by a sapphire disk.
This allows to apply up to ± 12.5 kV on the sample to adjust the implantation energy. Two guard rings in front of the sample can be used to obtain
a better homogeneity of the electric ﬁeld. Right: view in beam direction onto the opening of the gold plated radiation shield of the LE-μSR setup,
with a ring of 33 green LEDs, mounted inside the shield, illuminating a 3×3 cm2 Si wafer. The muon beam size is about 2×2 cm2. For installation
of the LED ring the two guard rings in a) have been removed.
Up to now surface muon beams have been used for illumination studies on semiconductors (Si, Ge, GaAs
[1, 2, 3, 4, 5, 6, 7]). The charge state and dynamics of Mu states in semiconductors are very sensitive to doping,
i.e. the availability of free charge carriers [8, 9]. For example, in undoped Si two neutral paramagnetic Mu states
exist at the tetrahedral interstitial site (Mu0T) and at the bond center between two Si atoms (Mu
0
BC). These and the
charged diamagnetic state Mu+BC are distinguishable by their diﬀerent precession signatures in transverse ﬁeld (TF)
μSR measurements. Illumination results in signiﬁcant enhancements of the depolarization rates of the precession
signals by the interaction of photogenerated charge carriers with the three Mu states. A three-state model involving
transitions between the Mu states as well as spin-exchange processes gives a good description of the observations
[1]. In Ge, light illumination experiments showed that the observed diamagnetic Mu precession signal consists of
two diamagnetic states, Mu+BC and Mu
−
T, where the 2nd state is strongly inﬂuenced by the presence of photoexcited
carriers, which is attributed to a ﬂuctuating hyperﬁne interaction that originates from charge state ﬂuctuations between
Mu−T and Mu
0
T due to hole capture, i.e. Mu
− + h+ ←→ Mu0 [2]. These examples demonstrate the capability of μSR to
investigate charge and spin dynamics of impurity states: information which is diﬃcult to obtain by other experimental
techniques.
The feasibility of photo-induced experiments on the existing LE-μSR apparatus [10, 11, 12] at the Swiss Muon
Source SμS has been tested by the setup shown in Fig. 1. As a light source, commercially available green or white
LEDs with a total electrical power of about 3 W are mounted on the radiation shield of the LE-μSR cryostat. The light
is generated by 33 InGaN LEDs mounted in series on a ring inside the radiation shield of the sample cryostat. Two
types of LEDs have been used: white LEDs (Avago HLMP-CW36-UX00, peak wavelengths at 460 nm and 560 nm)
and green LEDs [Kingbright L-7113VGC-Z, peak wavelength 525 nm (2.36 eV), HWHM 39 nm]. The maximum
current/voltage rating at room temperature is 30 mA / 3.3 V. The viewing angle 2Θ1/2 – where Θ1/2 is the angle
with respect to the optical center line where the luminous intensity is 1/2 of the center line value – is 30◦ and 20◦,
respectivlely, i.e. the light is emitted in forward direction in a narrow cone. Temperature calibration measurements
at the sample position at maximum LED current showed, that the sample temperature increase is < 0.5 K at base
temperature (4K), and less at higher temperatures. At 30 mA LED current we measured with a commercial lux meter
an intensity of about 10 mW/cm2 at the sample position. In Si the induced steady state charge carrier concentration
neh at 10 mW/cm2 of green light (2.36 eV) can be estimated by
neh ≈ (1 − R)αnγτ = 0.65 · 104/cm · 2.6 × 1016γ/(cm2s) · 2μs  3.5 × 1014/cm3 (1)
with R the reﬂectivity of Si at 2.36 eV, α the absorption coeﬃcient of Si at 2.36 eV, nγ the photon ﬂux, and τ the
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Figure 2: Nominally undoped Si (100), 100G ‖ 〈100〉, 20 keV implantation energy (mean depth 160 nm). a) Depolarization rate λ of the diamagnetic
Mu+BC signal as a function of temperature T, green LEDs, current on/oﬀ. b) λ as a function of LED current (intensity), T = 180 K. Here, 15 LEDs
were in operation, where 25 mA  4.2 mW/cm2 at the sample.
estimated charge carrier lifetime in Si including surface recombination [13]. By changing intensity and spectrum of
light the photo-induced charge carrier concentration can be varied over several orders of magnitude, currently between
∼ 1012 and ∼ 1015/cm3, as we show below.
In a pilot project the eﬀect of light illumination on a nominally undoped Si (100) wafer (ρ = 10 kΩ cm) demon-
strated the capability of generating tunable charge carrier concentrations in a ∼ 200 nm region close to the surface.
Si has been selected because of the easy availabilty of high quality crystals and the well known characterization of
muonium states, also under illumination [1]. Results on the Si sample are shown in Figs. 2 and 3. Photo irradiation
with green light leads to an increase of the Mu+BC relaxation in a temperature range between 140 and 220 K. Fig-
ure 2a) and 2b) display the eﬀect of photogenerated charge carriers on the relaxation rate of Mu+BC: the increase in
relaxation rate is also observed in bulk μSR studies and is attributed to the reaction with a photo-generated electron
Mu+BC + e
− −→ Mu0BC [1]. However, the observed relaxation rates in our study are about 50 times smaller than in the
bulk studies, which indicates that the net electron density under illumination is at least one order of magnitude smaller
in our experiment (1011 − 1012/cm3 compared to ∼ 1013/cm3 in [1]).
We investigated the eﬀects of illumination on Mu0BC below 140 K where Mu
0
BC ionization sets in. Fig. 3a) shows
the Fourier spectrum at 1 kG ﬁeld and 20 K where the diamagnetic and two Mu0BC lines are visible. The present
time resolution of the LE-μSR setup of  5 ns (RMS) leads to a fast decrease of the observable asymmetry: at
25 and 50 MHz, respectively, the asymmetry drops to 50% and 25% of its zero ﬁeld value. Illumination causes a
pronounced broadening of the Mu0BC lines and the depolarization of Mu
0
BC exceeds 3 μs
−1 at 30 mA LED current.
This broadening is caused by spin-exchange collisions with photo-generated electrons and capture of photo-generated
holes (Mu0BC + h
+ −→ Mu+BC) [1]. At the “magic” ﬁeld of 2 kG the ν12 line of Mu0BC becomes very narrow: at this
ﬁeld ν12 is independent of the orientation of the magnetic ﬁeld with respect to the symmetry axis of Mu0BC [8] and
any misalignment doesn’t lead to additional line broadening. Therefore, the width (relaxation rate) λ12 of ν12 is very
sensitive to any change of charge carrier concentration. The observed temperature dependence without illumination
indicates that the nominally undoped Si sample is slightly n-type (∼ 1012/cm3 [8]), see Fig. 3b). The increase of λ12
at T > 50 K is due to thermal ionization of the dopants which are all neutral at 20 K. Illumination with white LEDs at
20 K causes a fast increase of λ12 as a function of light intensity. At 50 K the ν12 line disappears already at about 1/3
of the maximum intensity. Following the discussion above, we attribute this increase of λ12 to hole capture processes
since the net electron density ( 1012/cm3) under illumination is about the same as the n-doping level (∼ 1012/cm3).
The latter gives rise to a relaxation rate of ∼ 0.4 μs−1 without light at 100 K due to spin-exchange collisions with
the electrons of the ionized dopants, a rate about 10 times smaller than under illumination at 20 K. In order to obtain
the observed λ12 of about 5 μs−1 at 30 mA LED current, a hole concentraion of ∼ 1015/cm3 is required [8] – in good
agreement with the estimates of Eq. 1. The imbalance between photo-induced electron and hole concentrations in a
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Figure 3: a) Si (100) at 1 kG, 20 K, 14 keV implantation energy (mean depth 100 nm), light oﬀ. FFT power spectrum showing the diamagnetic line
νμ and the two Mu0BC lines ν12 and ν34. Black: data, Red: ﬁt to time domain data. b) Relaxation rate λ12 of the Mu
0
BC ν12 line at the “magic” ﬁeld
of 2 kG as a function of temperature and LED current (white LEDs). At 50 and 100 K the ν12 line is too broad to be observable at LED current >
10 mA.
∼ 200 nm deep surface region could be caused by i) the larger mobility of electrons resulting in a faster diﬀusion into
the bulk and ii) electron trapping at the interface of the Si sample to the few nm thick SiO2 layer at the surface.
In summary we have demonstrated that photo-induced eﬀects can be studied by LE-μSR. With the present setup
charge carrier concentrations can be tuned over three orders of magnitude, generating concentrations up to ∼ 1015/cm3
in Si. The observations in Si suggest an imbalance between photo-generated electron and hole concentrations in the
surface region accessible by the low-energy muons. More investigations are necessary to clarify this issue.
To further exploit this new LE-μSR extension we are aiming at increasing the currently available intensity of 10
mW/cm2 by one order of magnitude by using laser diodes and high power LED heads. The total power of 3 W
of the present LED setup is the limit for the radiation shield of the sample cryostat. Therefore, a more powerful
light source has to be installed outside the vacuum chamber of the LE-μSR setup, and the light has to be directed
through a view port onto the sample. This development is under way. Up to now measurements were performed
with light on continuously. However, for some experiments it is desirable to have the option of an “on/oﬀ” mode,
where light is on for a short time (seconds to minutes) and then oﬀ for the same time. This would also reduce heating
eﬀects on the sample. This option requires adaptations on the data acquisition system (routing data to diﬀerent sets of
histograms, synchronizing data acquisition with the light source) where ﬁrst changes have been already implemented.
Furthermore, “pump-probe” experiments as a future advancement are becoming conceivable due to the availability of
triggered laser systems.
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